Introduction
[2] The lowermost stratosphere [Hoskins, 1991; is a convergence zone between tropospheric and stratospheric air [Hintsa et al., 1998; Fischer et al., 2000; Hoor et al., 2002; Engel et al., 2006] . Mixing ratios of ozone and water vapor can span an order of magnitude or more in this region solely because of transport. Since the lowermost stratosphere is often a conduit for rapid meridional exchange, examining transport into this region may offer valuable insight into future changes in ozone at middle and high latitudes. In particular, a key question remains as to whether the long-term downward trends in midlatitude column ozone result from chemical loss or whether increased transport from low latitudes is responsible [World Meteorological Organization (WMO), 2003 ]. The issue is critical for accurately forecasting future trends in UV dosage levels.
[3] Each transport pathway into the lowermost stratosphere (see Figure 1 , described in detail in section 2) contributes to varying degrees to the redistribution of ozone and water vapor depending on season. The descending arm of the Brewer-Dobson circulation feeds the lowermost stratosphere from the top near the poles [Mahlman et al., 1986; Brewer, 1949] . At the same time, quasi-horizontal transport [Plumb and Ko, 1992] distributes air to the lowermost stratosphere (1) from the lower tropical strato-sphere followed by diabatic descent in the extratropics [Andrews et al., 2001a; Ray et al., 1999] , (2) directly from the upper tropical troposphere [Hintsa et al., 1998 ], and (3) from the extratropical troposphere (i.e., below the 350-K surface) [Pfister et al., 2002; Hoor et al., 2002] . The precise blend of air delivered by the stratospheric overturning circulation and quasi-horizontal transport sets the chemical structure of the lowermost stratosphere.
[4] In situ measurements of water vapor, CH 4 , and N 2 O from the NASA ER-2 high-altitude research aircraft are used in this work to deduce the rapid transport pathway from the lower tropical stratosphere to the high-latitude lowermost stratosphere (i.e., path 1 in Figure 1 ) and demonstrate its predominance over diabatic descent from the arctic vortex (i.e., path 2). This transport pathway from the tropics delivers low-ozone air to higher latitudes and is significant because its strength and frequency has direct implications for midlatitude ozone and is consistent with lower stratospheric middle-and high-latitude ozone declines observed over the last several decades . A secondary result is the observation of elevated water vapor in the high-latitude lower stratosphere in midwinter, potentially enhancing heterogeneous processing if mixed into the polar vortex.
[5] The stratospheric air feeding the lowermost stratosphere consists of two components, readily distinguished by mean age, or the time elapsed since entering the stratosphere through the tropical tropopause [e.g., Boering et al., 1996; Hall and Plumb, 1994] . Air parcels that reach the lowermost stratosphere along path 2 in Figure 1 after circumnavigating the Brewer-Dobson circulation are labeled old (e.g., $5 years) whereas those parcels that diabatically descend into the lowermost stratosphere following isentropic transport from the lower tropical stratosphere along path 1 are considered young (e.g., <1 year) [Andrews et al., 2001a; Hall and Waugh, 1997; Volk et al., 1996] . Young stratospheric air is generally lower in ozone and more variable in water vapor than old air because of recent contact with the troposphere. We also note here the existence of air masses with tropospheric character in the lowermost stratosphere that never passed through the tropical tropopause but came from either the upper tropical troposphere or extratropical troposphere via quasi-isentropic advection through the tropopause at and below the 380-K surface. Though ozone and water vapor vary between the tropical and extratropical upper troposphere, upper tropospheric air masses contain much less ozone and more water vapor than stratospheric air masses. Figure 1 . Isentropic view of troposphere-to-stratosphere transport juxtaposed to the mean annual ozone trend at midlatitudes. The four possible transport pathways considered in this analysis are superposed on the diagram adapted from the work of Holton et al. [1995, Figure 1] . The ozone trend at midlatitudes approaches -10%/decade in the lowermost stratosphere (adapted from Logan et al. [1999] ). The wide arrows in the diagram depict the diabatic circulation. The straight thin arrows denote isentropic mixing. The tropopause is given by the thick black line, coincident with the 380-K isentrope in the TTL (tropical tropopause layer) but descending to lower isentropes at the subtropical jet (i.e., the intersection of the tropopause and 350-K isentrope). The thick green line denotes the polar jet, or vortex edge, and is dashed in the lowermost stratosphere to indicate the mixing barrier erodes between the midlatitude lowermost stratosphere and the high-latitude lowermost stratosphere, or subvortex region. The schematic is rendered so that the numbered pathways correspond to the different colored regions introduced in section 2.
[6] Old and young stratospheric air converge with tropospheric air in the lowermost stratosphere such that its chemical composition is defined by the strengths of the individual transport pathways that feed it, which vary seasonally and interannually. Radiative forcing due to climate change may impose even larger amplitudes on the natural variability of transport into the lowermost stratosphere. Therefore characterization of transport in the region of and into the lowermost stratosphere is key to (1) diagnosing changes in midlatitude lower stratospheric ozone through rapid transport of young, ozone-poor air from the tropics [e.g., Staehelin et al., 2001] and (2) understanding if the rapid transport of moist air masses to the high-latitude lower stratosphere enhances heterogeneous processing in the polar vortex that leads to halogen-catalyzed ozone loss [e.g., Solomon, 1999] .
[7] The critical link between water vapor and ozone destruction in the polar vortex [Solomon et al., 1986; Kirk-Davidoff et al., 1999] underscores how important it is to understand transport phenomena upward through the tropical tropopause and in the middle-and high-latitude lower stratosphere. The temperature of the Arctic vortex hovers about the critical 195-K threshold for the formation of polar stratospheric clouds (PSCs) [WMO, 2003] . In winters when lower stratospheric temperatures drop below 195 K, heterogeneous processing on PSCs activates chlorine and bromine reservoir species, triggering catalytic ozone destruction when UV radiation returns in late winter and early spring [e.g., Solomon, 1999] . The rate of heterogeneous processing increases sharply with decreasing temperature and increasing water vapor [e.g., see Kirk-Davidoff et al., 1999, Figure 1] . Isentropic transport of air parcels with high water vapor from the lower tropical stratosphere (i.e., characteristic of the summer phase of the seasonal cycle in water) to high latitudes may have a significant impact on chemical ozone loss if mixed into the vortex. Although the foregoing discussion mainly pertains to the polar vortex, if temperatures less than 195 K were to persist in the high-latitude lowermost stratosphere, there would potentially be a substantial impact on ozone [Bregman et al., 1997] since water vapor is often highly variable in this region, especially below the 350-K surface [Pfister et al., 2002] .
[8] Transport has a more direct impact on ozone at midlatitudes [e.g., Staehelin et al., 2001; Randel et al., 1999] . Isentropic transport that taps the lowest portion of the tropical stratosphere (i.e., youngest air) or the upper tropical troposphere can export ozone-poor air masses to the midlatitude lower stratosphere. Changes in the seasonal or interannual variability in this transport may play a role in the long-term negative trend in midlatitude ozone reported by Logan et al. [1999] . Studies based on observational data have shown an increase in the frequency of intrusions of tropical air into the midlatitude lower stratosphere [Reid et al., 2000; Hood et al., 1999] . A key question therefore emerges as to what extent transport of ozone-poor air from the lower tropical stratosphere versus in situ chemical catalysis in the midlatitude lowermost stratosphere contributes to the long-term trend and year-to-year variability of ozone in the lowermost stratosphere.
[9] While Arctic ozone has eroded sharply in the past decade, it is the relatively smaller declines in total column ozone column at northern midlatitudes over the past 3 decades that pose more immediate risks to human health. Lower solar zenith angles and a larger population density at northern midlatitudes increase the public health impact of exposure to harmful ultraviolet radiation (i.e., UV-B), leading to a higher incidence of malignant melanoma and basal cell carcinoma in humans [e.g., Longstreth et al., 1998 ]. To address these health risks, a mechanistic explanation for the negative trend in midlatitude lower stratospheric ozone needs to be developed by testing proposed hypotheses with observations. Transport into the lowermost stratosphere constitutes a critical focal point for understanding and predicting trends in midlatitude ozone. Upon examining the transport pathways into the lowermost stratosphere using in situ measurements of H 2 O, CH 4 , and N 2 O from the NASA ER-2, we offer a hypothesis for the negative trend in midlatitude ozone.
Transport Into the Lowermost Stratosphere
[10] To begin, we consider all the relevant transport pathways into the lowermost stratosphere. In Figure 1 , the four possible transport pathways into the lowermost stratosphere are superposed on the diagram of the stratosphere from Holton et al. [1995] , illustrating how paths 1 through 4 mesh with the diabatic circulation (wide arrows) and quasihorizontal mixing (thin arrows). The lowermost stratosphere is defined as the region bounded by the extratropical tropopause and 380-K isentrope while the region of the stratosphere above 380 K is known as the overworld [Hoskins, 1991; Holton et al., 1995] . A body of literature is emerging from the SPURT (Spurenstofftransport in der Tropopausenregion, trace gas transport in the tropopause region) campaigns. In situ measurements of various tracers during SPURT have demonstrated strong seasonal variability in the convergence zone between tropospheric and stratospheric air in the lowermost stratosphere [Engel et al., 2006; Krebsbach et al., 2006; Hegglin et al., 2005; Hoor et al., 2004 Hoor et al., , 2005 .
[11] The inputs to the lowermost stratosphere are designated by numbered arrows (paths 1-4). Path 1 consists of three stepwise transport processes: (1) quasi-horizontal transport of very young air from the lower tropical stratosphere to midlatitudes, (2) diabatic descent into the lowermost stratosphere between the subtropical jet and polar jet, and (3) poleward quasi-horizontal mixing in the upper part (350 < q < 380 K) of the lowermost stratosphere. Path 2 represents diabatic descent of old air from the polar vortex into the lowermost stratosphere (i.e., across the 380-K surface). Isentropic transport from the upper tropical troposphere and extratropical troposphere occur along paths 3 and 4, respectively. Diabatic ascent (i.e., convection) from the extratropical troposphere into the lowermost stratosphere is not considered since its occurrence in winter would not likely extend high enough into the lowermost stratosphere (i.e., q > 350 K) to affect the results presented here, although this path is clearly important in summer [Hanisco et al., 2007; Jost et al., 2004] and demands further consideration in all seasons.
[12] Troposphere-to-stratosphere transport occurs by diabatic ascent through the tropical tropopause or by poleward quasi-horizontal mixing below 380 K Stohl et al., 2003] . As depicted in Figure 1 , the tropical tropopause is embedded in the tropical tropopause layer (TTL), a region in the tropics that encapsulates the transition between localized deep convection in the upper troposphere and large-scale ascent in the lower stratosphere [Highwood and Hoskins, 1998; Folkins et al., 1999] . Although the convective outflow boundary typically resides at the bottom ($355 K) of the TTL, convection injects material as high as 400 K on rare occasions [Danielsen, 1993] .
[13] Transport in the TTL consists of diabatic and adiabatic processes. While deep convection feeds the TTL from the bottom, large-scale processes drive ascent through the top boundary. Quasi-horizontal mixing occurs throughout the TTL and is depicted by path 1 from the lower tropical stratosphere and path 3 from the upper tropical troposphere through the lateral boundaries. In situ water vapor measurements can help to differentiate between air masses originating in the TTL along path 1 or 3 since dehydration occurs in the TTL [Sherwood and Dessler, 2000; Danielsen, 1982] consistent with saturation water vapor mixing ratios expected from minimum tropical tropopause temperatures [Fueglistaler and Haynes, 2005; Weinstock et al., 2001; Dessler, 1998 ]. As such, the tropical tropopause carves out a boundary in the TTL useful for vertically discriminating between transport pathways. In situ measurements of ozone can also be used to map air parcels into the TTL since ozone increases sharply with altitude in this region.
[14] The TTL is embedded in the base of the ''tropical pipe,'' a stratospheric region of large-scale ascent in the deep tropics that presents a barrier to horizontal mixing between the tropics and the midlatitudes [Plumb, 1996] , though planetary wave breaking at the edges of the tropical pipe mixes air isentropically between the two regions [Volk et al., 1996] . Export of air from the lower tropical stratosphere, depicted by path 1 in Figure 1 , is not necessarily restricted to the top portion of the TTL; however, studies have shown that the barrier to horizontal transport in the lower tropical stratosphere is most porous in the lowest few kilometers [Volk et al., 1996] .
[15] Rapid isentropic transport into and out of the TTL is driven by synoptic-scale weather systems in the troposphere [e.g., Chen et al., 1996; Postel and Hitchman, 1999] , even in the lowest 2 to 3 km of the tropical stratosphere. Tropospheric waves propagate along the subtropical jet (located where the 350-K surface intersects the tropopause in Figure 1 ). The subtropical jet marks the boundary between quasi-horizontal mixing from the TTL (above 350 K) and mixing from the extratropical troposphere (below 350 K). The subtropical jet intensifies in northern winter and its latitudinal position (usually between 20°N and 35°N) varies zonally with the propagation of weather systems in the troposphere. The seasonal and interannual variability in the position of the subtropical jet plays an important role in observed changes in both water vapor and ozone in the lowermost stratosphere [Hudson et al., 2003] .
[16] The extratropical tropopause is schematically represented as a smooth line in Figure 1 . However, midlatitude cyclones can induce tropopause folding in the extratropics where midlatitude tropospheric air is injected into the lowermost stratosphere (i.e., along path 4) and stratospheric air is extracted along isentropic surfaces. Since this analysis examines quasi-horizontal mixing from the point of view of transport into the lowermost stratosphere, all the straightline arrows in Figure 1 (paths 1, 3, and 4) are oriented poleward. Clearly, isentropic transport also occurs in the opposite direction [e.g., Waugh and Polvani, 2000] .
[17] By way of the wave-driven ''extratropical pump'' , air in the TTL ascends slowly through the lower tropical stratosphere, turns poleward in the middle and upper stratosphere, and finally descends over the pole. During winter, planetary and gravity wave breaking drives diabatic descent over the pole via path 2 [Haynes et al., 1991] . The temperature gradient between the midlatitudes and the pole induces a westerly jet in the lower stratosphere [Schoeberl et al., 1992] . The jet marks the vortex edge (thick green line in Figure 1 ) and acts as a mixing barrier, eroding in the lowermost stratosphere (dashed green line). Although not shown explicitly in Figure 1 , diabatic descent occurs on both sides of the vortex edge. Descent in the midlatitudes blends old air with young air that has been rapidly advected from the lower tropical stratosphere (path 1).
[18] The relevancy of each numbered transport pathway in Figure 1 during northern winter is explored with tracertracer correlations. After a description of the measurements used in the analysis, we present evidence for two different phases of the seasonal cycle in water vapor in the vortex region. The intriguing results of the seasonal cycle analysis subsequently motivate a detailed tracer-tracer study of the two extravortex flights during the field mission. The tracertracer correlations use the observed quantities H 2 O + 2 * CH 4 and N 2 O to diagnose the significance of each transport pathway into the lowermost stratosphere. Finally, we discuss the results of the analysis in the context of the implications for midlatitude ozone.
In Situ Measurements
[19] The measurements of water vapor, CH 4 , and N 2 O used in this analysis were all obtained aboard the NASA ER-2 aircraft in the lower stratosphere during SOLVE [SAGE III (Stratospheric Aerosol and Gas Experiment) Ozone Loss and Validation Experiment], a field campaign to study ozone at high and midlatitudes [Newman et al., 2002] . The ER-2 was deployed out of Kiruna, Sweden (67.8°N, 20.3°E), with a suite of instruments for two intensive observing periods from January to March 2000. The first ER-2 deployment, consisting of six flights from 20 January to 3 February, targeted the processed polar vortex at its minimum temperature with only marginal solar irradiance. The five flights of the second deployment, extending from 26 February to 12 March, captured the precipitous drop in ozone as a result of high ClO and BrO concentrations and sustained levels of UV radiation throughout the vortex [e.g., Richard et al., 2001; Sinnhuber et al., 2000] .
[20] The polar vortex was consistently positioned over Kiruna during all of the ER-2 flights. As a result, most of the cruise-altitude data were acquired in the vortex while all the ascent and descent data were collected in the subvortex region (i.e., below the 380-K surface at Kiruna; see Figure 1 ). Even so, one flight during each deployment sampled large tracts of extravortex overworld air, crucial observations for examining transport in the vortex region. However, no data were acquired in the midlatitude lower-most stratosphere during these extravortex flights. As shown in Figure 2 , the ER-2 flew southeast from Kiruna to a position over Russia on 27 January and southwest to a point over Scotland on 11 March. Last, measurements from the transit flight on 16 March from Kiruna to Westover Air Reserve Base (42.2°N, 72.5°W) in Massachusetts are used in the seasonal cycle analysis in section 4. To link the seasonal cycle analysis at middle and high latitudes to the tropical tropopause, we have also used measurements from the southern survey flight on 6 January 2000 from NASA Dryden (Edwards Air Force Base; 39.9°N, 117.9°W) when the ER-2 dived to near the tropopause at 21°N.
[21] This analysis uses in situ water vapor measurements from the Harvard Lyman-a photofragment fluorescence hygrometer that flew aboard the ER-2 from 1992 to 2000 (for a full description of the instrument, see Weinstock et al. [1994] ). The instrument is calibrated in the laboratory by adding a known amount of water vapor, given by the vapor pressure of water at room temperature and validated by long-path absorption (for a detailed description of the calibration procedures, see Weinstock et al. [2006] ). The calibrations are also validated in flight by short-path absorption. Reported accuracy of the measurements is ±5%, and the one-sigma precision of the measurements is typically ±0.1 ppmv for a 10-s integration time .
[22] The quantity H 2 O + 2 * CH 4 , a quasi-conserved tracer in the stratosphere, is used in this analysis to diagnose stratospheric transport from the tropics to the poles Le Texier et al., 1988; Hurst et al., 1999] . Highresolution measurements of CH 4 from ALIAS (Aircraft Laser Infrared Absorption Spectrometer) and Harvard H 2 O data are combined to generate H 2 O + 2 * CH 4 . N 2 O is selected as the long-lived tracer for correlation with H 2 O + 2 * CH 4 in the seasonal cycle and transport analysis and is drawn from the unified N 2 O data set , an internally consistent data set compiled from four independent measurements aboard the ER-2 utilizing different measurement techniques. The individual instruments include Argus [Loewenstein et al., 2002] , ALIAS, ACATS-IV (4-channel Airborne Chromatograph for Atmospheric Trace Species) [Elkins et al., 1996; Romashkin et al., 2001] , and WAS (Whole Air Sampler) [Heidt et al., 1989; Schauffler et al., 1999] . Potential temperature, employed as the vertical coordinate in the transport analysis, is derived from measurements of temperature and pressure from MMS (Meteorological Measurement System) aboard the ER-2 [Scott et al., 1990] .
Observations and Analysis
[23] Dehydration occurs as air ascends through the TTL. The degree of dessication varies seasonally with the minimum temperatures in the TTL, creating a periodically varying water vapor signal in the lower tropical stratosphere [Mote et al., 1995] . This upwardly propagating signal [Mote et al., 1996] is readily advected from the lower tropical stratosphere to midlatitudes [Nedoluha et al., 2002; Randel et al., 2001; Hintsa et al., 1994; McCormick et al., 1993; Mastenbrook and Oltmans, 1983] . As such, observations of water vapor in the middle-and high-latitude lower stratosphere can offer insight into transport pathways and timescales for transport from the tropics Pan et al., 2000] .
[24] The seasonal cycle data must be interpreted in the context of the other processes controlling water vapor in the stratosphere, namely, dehydration or hydration in the polar vortex and the oxidation of CH 4 . Most of the SOLVE data were acquired in the vortex region amid subtle, widespread dehydration punctuated by strong, localized episodic dehydration and hydration events [Herman et al., 2002; Schiller et al., 2002] . The oxidation of CH 4 is a source of water vapor in the stratosphere [Le Texier et al., 1988] with one molecule of CH 4 yielding nominally two molecules of H 2 O Dessler et al., 1994] .
[25] We refer to air masses that do not contain any residual from the seasonal cycle nor from polar processes as well mixed. On the basis of earlier Harvard H 2 O measurements from the ER-2, mean values of H 2 O + 2 * CH 4 lie between 7.4 and 7.6 ppmv in well-mixed air masses of the northern extratropical lower stratosphere. Although measurements during SOLVE yield H 2 O + 2 * CH 4 of 7.1 to 7.3 ppmv, this is not inconsistent with previous Harvard H 2 O measurements during northern winter (e.g., see winter 1996 deployment in the work of Hurst et al. [1999, Figure 4b] ).
[26] The quantity H 2 O + 2 * CH 4 is analyzed in N 2 O tracer space because N 2 O mixing ratios in the stratosphere can be used to distinguish between air masses that have completed the large-scale Brewer-Dobson circulation and those that have traveled directly from the tropics along isentropes. The Harvard CO 2 instrument also flew on the ER-2 [Boering et al., 1994 [Boering et al., , 1996 but the growth rate in CO 2 complicates the analysis. Thus, even though CO 2 is a much better The ER-2 aircraft was based at Kiruna, Sweden, during the SOLVE campaign. The ER-2 sampled large tracts of the extravortex region during both flights.
surrogate of mean age than N 2 O except for mean ages less than one year [Andrews et al., 2001b] , N 2 O is selected as the long-lived tracer in this analysis because it adequately differentiates old and new air masses and leads to a more straightforward interpretation of tracer-tracer correlations in younger air. Figure 3 ) and a negative correlation (as in Figure 5 ) are evidence for residual from the summer and the winter phase, respectively, of the seasonal cycle due to transport from the tropics. For N 2 O < 150 ppbv, the positive correlation arises from subtle, widespread dehydration and isolated dehydration events in the polar vortex [Herman et al., 2002; Schiller et al., 2002] Figure 3 but also in Figure 4) . Note how the measurements of H 2 O + 2 * CH 4 on N 2 O cleanly separate the polar processes from the seasonal cycle in water because the former mostly occur in the Arctic vortex where the air is 2 to 4 years older than air influenced by the seasonal cycle in water.
[28] During the first deployment, the positive correlation between H 2 O + 2 * CH 4 and N 2 O for young air indicates the summer phase of the seasonal cycle in water vapor persists in the subvortex region (Figure 3) . The summer phase is Figure 3 , the data are discriminated vertically at the 380-K surface. In this case, the ascent data at Kiruna (upward pointing black triangles) and descent data at Westover (downward pointing blue triangles) are separated from the cruise-altitude data above 420 K (red points) to better resolve the seasonal cycle in water vapor. Data from the tropical dive at 21°N (green circles) on 6 January 2000 are overlaid on the data from the transit flight to relate the seasonal cycle in water vapor observed near the tropical tropopause to that observed at middle and high latitudes. The range in N 2 O values is reduced for these flights because most of the data were acquired outside the vortex where the air is younger. also observed in the extravortex overworld (i.e., most of the red points in Figure 3 for N 2 O > 250 ppbv), with an approximately 1 ppmv enhancement over background midlatitude stratospheric air. This is an important result because it can enhance heterogeneous processing of chlorine and bromine reservoir species if mixed into the vortex. Observations of residual from the summer phase in the subvortex region were completely unexpected because, until now, prevailing wisdom has suggested that diabatic descent from the vortex discharges old air into the lowermost stratosphere where it is transported to lower latitudes [Prados et al., 2003] . Rather, overlapping signatures of the summer phase were observed in both the extravortex overworld and subvortex region, suggesting the two regions are linked by a rapid transport pathway, a point that will be further developed below.
[29] The data acquired during the second deployment show a change in the correlation for N 2 O > 250 ppbv (Figure 4) . The summer phase of the seasonal cycle has decayed in the extravortex and subvortex regions suggesting the summer maximum in water vapor is no longer influencing these regions. In addition, the youngest overworld data show a slight deviation from the positive correlation (i.e., N 2 O $ 250 ppbv, H 2 O + 2 * CH 4 $ 7.4 ppmv) suggesting that the winter phase has coupled into the residual from the summer phase in the extravortex overworld. A clear signature of the winter phase has not yet reached the subvortex region although the decaying summer phase suggests a transition has begun in this region as well. While the youngest extravortex overworld data deviate somewhat from the subvortex data in tracer-tracer space, the separation is completely consistent with rapid transport from the lower tropical stratosphere to the extravortex overworld, awaiting diabatic descent into the lowermost stratosphere. Abruptly higher values of H 2 O + 2 * CH 4 for N 2 O $ 300 ppbv correspond to tropospheric air mixing into the lower part of the subvortex region.
[30] The 16 March transit flight from the vortex region to midlatitudes definitively captured the arrival of the winter phase to the subvortex region, marked by the depression in H 2 O + 2 * CH 4 on ascent out of Kiruna ( Figure 5 ). Interestingly, the previous flight on 12 March (i.e., part of Figure 4) does not yet capture this clear winter phase signal. The winter phase is even more pronounced on descent into Westover (Figure 5) , consistent with the expectation that the winter phase signal strengthens in proximity to its source in the lower tropical stratosphere. The 420-K surface was chosen as the vertical discriminator for this flight to fully capture and better compare the winter phase at Kiruna and Westover. The minimum in H 2 O + 2 * CH 4 lies on a slightly higher isentrope at Westover (q $ 390 K) than at Kiruna (350 < q < 380 K), consistent with diabatic descent from the extravortex overworld and subsequent isentropic mixing into the subvortex region.
[31] Data from the tropics is also plotted in Figure 5 . The southern survey flight on 6 January 2000 from NASA Dryden was the only flight to sample tropical air during SOLVE. When the ER-2 reached 21°N at its southernmost point, it dived to near the tropopause, covering a range in potential temperature from 480 to 385 K. Although these data do not lie in the deep tropics, we still refer to this region as the tropics for convenience. Data from the tropical dive are overlaid on the data from the transit flight of 16 March to better relate the seasonal cycle in water vapor observed near the tropical tropopause to that observed at middle and high latitudes. The tropical lower stratospheric data (i.e., green circles) span a large range in H 2 O + 2 * CH 4 in Figure 5 because the amplitude of the seasonal cycle in water vapor is more pronounced in the tropics than in air parcels at middle (i.e., downward pointing blue triangles) and high latitudes (i.e., upward pointing black triangles). Air parcels with high H 2 O + 2 * CH 4 (i.e., N 2 O $ 295 ppbv) were observed at $450 K on the tropical dive and extrapolate from the tropical tropopause in summer. H 2 O + 2 * CH 4 is somewhat less in this air mass than when it first crossed the tropical tropopause because of mixing with midlatitude air [Volk et al., 1996] . Air parcels with low H 2 O + 2 * CH 4 (i.e., N 2 O $ 310 ppbv) were observed along the lowest isentropes in the stratosphere on the dive. This air mass recently ascended across the tropical tropopause when temperatures were colder and is characteristic of the winter phase of the seasonal cycle in water. Compared to the correlation for the transit flight, the tropical data show a small shift to higher N 2 O for a given value of H 2 O + 2 * CH 4 . This is expected since air parcels mix with older air (i.e., lower N 2 O) as they travel poleward. At the same time, the amplitudes of the summer and winter phases are damped out as the parcel travels to higher latitude. As such, the tracer-tracer data from the tropics is consistent with the rapid transport of the influence from the winter phase of the seasonal cycle near the tropical tropopause to the extravortex overworld and subvortex region (i.e., path 1 in Figure 1 ).
[32] The arrival of the winter phase to the subvortex region demonstrates that a rapid transport pathway maps air from the lower tropical stratosphere to the high-latitude lowermost stratosphere. However, similar winter phase signals in both the extravortex overworld and subvortex region coupled with the tracer-tracer evidence presented in the next section imply that there is no direct link between the upper tropical troposphere and subvortex region for 350 < q < 380 K. On the basis of the observation of the abrupt arrival of the winter phase in the subvortex region on 16 March, we estimate that air masses can be transported from the tropical tropopause to the subvortex region in less than 3 months. These timescales are rough estimates because they are derived from the transition from summer to winter phase at high latitudes. As Andrews et al. [1987] refer to in an excerpt from an unpublished work by E. Danielsen, these short timescales imply that some air parcels are exported to middle and high latitudes almost immediately after they traverse the tropical tropopause.
[33] In summary, tracer-tracer correlations between late January and mid-March show the predominance of young air from the tropics in the subvortex region over Kiruna. In the subvortex region, the absence of older air and the observed influences of the summer phase of the seasonal cycle in water, abruptly followed by influences of the winter phase, suggest diabatic descent along path 2 (see Figure 1 ) is less important than transport from the tropics. Transport along path 3 from the upper tropical troposphere across the warmer subtropical tropopause may occur but upper tropical tropospheric air is not observed in the subvortex region. Thus the seasonal cycle analysis sug-gests that path 1 is the predominant lower stratospheric pathway operating from the tropics to the poles during middle to late winter.
Tracer-Tracer Analysis of Extravortex Flights
[34] We study the tracer-tracer correlations from the extravortex flights of 27 January and 11 March 2000 (see Figure 2 ) in more detail to assess the relative importance of the four possible transport pathways into the lowermost stratosphere depicted in Figure 1 . Data were acquired in three distinct regions of the lower stratosphere during the extravortex flights: the subvortex region, the vortex, and the extravortex overworld. Note the ER-2 did not fly into the lowermost stratosphere at midlatitudes during either flight nor acquire significant data in this region during the entire SOLVE campaign.
[35] Water vapor and potential temperature along the flight track of 27 January are shown in Figure 6a . On ascent out of Kiruna, water vapor decreases to a minimum in the subvortex region between 350 and 380 K. Then water vapor increases gradually as the ER-2 gains altitude in the vortex because the mean age of the air increases with altitude in the overworld. As the ER-2 exits the vortex, water vapor decreases through the vortex edge and stabilizes in the extravortex overworld. The 0.75-ppmv step in water vapor mixing ratio at the vortex edge is mostly the difference between H 2 O in older vortex air, enhanced by CH 4 and H 2 oxidation, and younger extravortex air. The ER-2 turns around just before the dive and returns to Kiruna along the same flight path.
[36] Discrimination between vortex and extravortex air is based on Harvard ClO measurements [Anderson et al., 1991 show a large dynamic range (i.e., 100 to 1500 pptv) across the vortex edge. ClO mixing ratios are elevated in the vortex during winter because inactive chlorine species (e.g., ClONO 2 , HCl) are converted to active forms (e.g., ClO x ) by heterogeneous processing at temperatures at and below 195 K within the vortex. For this analysis, vortex air is characterized by ClO > 1000 pptv, extravortex air by ClO < 250 pptv, and the vortex edge by intermediate values of ClO. These criteria are consistent with the alternative use of N 2 O [Greenblatt et al., 2002] or even H 2 O (e.g., see Figure 6a ) as the discriminator.
[37] The tracer-tracer correlation for the 27 January flight is presented in Figure 6b , maintaining the same color scheme from the time series. The H 2 O + 2 * CH 4 data show two major features: (1) the summer phase of the seasonal cycle in water vapor in young air (i.e., N 2 O > 250 ppbv) and (2) a dehydration event in old air (i.e., N 2 O < 150 ppbv). The H 2 O trace illustrates the contribution of CH 4 oxidation to water vapor as a function of mean age. The bulk of the vortex data is characterized by N 2 O < 125 ppbv while all of the subvortex data lie at N 2 O > 250 ppbv. The separation between vortex and subvortex data in tracer-tracer space implies very limited descent through the 380-K surface of the vortex by late January (i.e., path 2 in Figure 1 ). This result is corroborated by all the ascent and descent data during SOLVE. Furthermore, vertical profiles of various tracers in the vortex region from the balloon-borne LACE (Lightweight Airborne Chromatograph Experiment) instrument during SOLVE suggest descent rates were less than 10 K/month near 400 K [Ray et al., 2002] . The presence of a few younger vortex data points (i.e., N 2 O > 175 ppbv) is likely a result of some isentropic mixing with extravortex overworld air, consistent with the vortex edge data points spanning the gap between vortex and extravortex data . While the majority of the extravortex air sampled at cruise altitudes is older than that sampled in the subvortex region, there is a significant region of overlap in tracer-tracer space between the youngest extravortex air, sampled on the dive between 380 and 420 K, and subvortex air. This data suggests a rapid transport pathway between the lowest levels of the extravortex overworld and the subvortex region, or path 1 in Figure 1 .
[38] The flight of 11 March offers a later snapshot of the same three regions of the stratosphere while the vortex is still intact. Water vapor measurements along the flight track (Figure 7a) show a similar pattern to that on 27 January although there are some differences. The vortex edge is broader, containing filaments from both the vortex and extravortex. When the ER-2 first emerges into extravortex air, water vapor is slightly higher than on 27 January and continues to increase as the aircraft increases altitude, consistent with diabatic descent of older air in the extravortex overworld in the interim. Unlike on 27 January, the dive on 11 March reveals a 0.5-ppmv downward step in H 2 O, presumably sampling the stream of very young air pouring out of the lower tropical stratosphere. On the return leg of the flight, water vapor mixing ratios reach levels above 5.5 ppmv in the vortex indicating that descent has brought down even older air in the intervening month and a half.
[39] The tracer-tracer correlation for the flight of 11 March (Figure 7b) shows similar features to those of 27 January although there are more subtle deviations for both young (N 2 O > 250 ppbv) and old air (N 2 O < 125 ppbv). The summer phase of the seasonal cycle in water vapor has clearly decayed in the subvortex region. Although most of the data from the subvortex region shares the same tracertracer space with that of the extravortex overworld, the negative deviation of the youngest extravortex overworld data (N 2 O > 275 ppbv) from the subvortex data indicates the winter phase of the seasonal cycle is more pronounced in the midlatitude overworld than the subvortex region, as might be expected for a rapid transport pathway from the lower tropical stratosphere in March.
[40] The chemical composition of the lowermost stratosphere changes abruptly at and below 350 K. The discontinuity in H 2 O and H 2 O + 2 * CH 4 for N 2 O between 300 to 310 ppbv in Figure 7b is evidence for tropospheric air mixing into the bottom portion of the lowermost stratosphere. All the vertical profiles of water vapor at Kiruna indicate that a well-defined boundary sets up between stratospheric air and tropospheric-influenced air at 350 K (Figure 8) . A narrow band of subvortex air between 350 and 380 K possesses stratospheric character. The sharp increase in H 2 O below 350 K indicates that troposphere-to-stratosphere transport readily occurs along path 4 (see Figure 1) . Interestingly, the boundary that sets up near 350 K at high latitudes is coincident with the lower bound of the TTL [Folkins et al., 1999 ], or the convective detrainment level in the tropics.
[41] The vertical profiles of H 2 O also suggest that isentropic transport from the upper tropical troposphere to the subvortex region (350 < q < 380 K) does not occur during middle to late winter (i.e., path 3 in Figure 1 ). H 2 O mixing ratios between 350 and 380 K in the subvortex region are sub-5 ppmv, indicating that the air most likely passed through the cold trap at the tropical tropopause and then was isentropically transported to middle or high latitudes where descent into the lowermost stratosphere and further poleward isentropic transport occurred (i.e., path 1). Radiosonde temperatures in the upper tropical troposphere are generally too warm to explain sub-5 ppmv H 2 O mixing ratios while minimum temperatures at the tropical tropopause are cold enough. As shown in the previous section, coincident observations of the same phase of the seasonal cycle in both the extravortex overworld and subvortex region (see Figure 5 ) strongly suggest that air parcels in the subvortex region originate in the lower tropical stratosphere. Furthermore, even if subtropical tropopause (350 < q < 380 K) temperatures were cold enough and varied seasonally in the same phase as the tropical tropopause, it is extremely unlikely that the temperatures are the same at both tropopauses as is required to be consistent with the present results. Hoor et al. [2002] identified a mixing layer in the middle of the lowermost stratosphere based on highlatitude aircraft measurements consistent with these results. Nonetheless, we still cannot infer that transport along path 3 does not occur at all since there is little data from the midlatitude lowermost stratosphere during SOLVE. If path 3 is active during this time period, the air is probably descending below 350 K before reaching the subvortex region (350 < q < 380 K).
[42] Given the dearth of in situ measurements in the midlatitude lowermost stratosphere in this analysis, we have performed radiative calculations to investigate the apparent diabatic descent into the lowermost stratosphere at midlatitudes (i.e., the curved arrows in Figure 1 ). The transformed Eulerian-mean (TEM) residual vertical velocity, as defined by Andrews et al. [1987] , is calculated as an area-weighted average for 45-55°N from 1994 to 2004 for January to March based on the method of Rosenlof [1995] . The calculated residual vertical velocity ranges from À25 to À50 m/day in the lower stratosphere (350 < q < 420 K), which extrapolates to roughly 2 to 4 km on the $3-month timescale estimated for transport from the lower tropical stratosphere to the subvortex region. This is consistent with the apparent diabatic descent at midlatitudes based on the observations. In addition, Schoeberl [2004] computed small ($0.5 K/day) cooling rates along the 380-K isentropic surface at midlatitudes in January. Tracer isopleths of HALOE (Halogen Occultation Experiment) H 2 O and SAGE II O 3 data also imply cross-isentropic poleward advection in spring at northern midlatitudes from 350 to 400 K [Randel et al., 2001] .
[43] The color scheme of Figure 1 is designed to illustrate where the chemical boundaries set up in the lower stratosphere in middle to late winter based on the understanding of transport developed in this analysis. Transport along path 1 paints a swath of young, ozone-poor air through the lowermost stratosphere (350 < q < 380 K) and extravortex overworld (solid red region). The absence of data in the midlatitude lowermost stratosphere makes it difficult to know at exactly what latitude the air is descending through the 380-K isentropic surface, depicted by the curved arrows in Figure 1 . The tails of the curved arrows were drawn to represent the descent of very young air from the lowest Figure 6 . Again, the ER-2 did not reach the lowermost stratosphere on the dive at midlatitudes (approximately 4.0 Â 10 4 s). However, in contrast to the 27 January dive, water vapor is much lower than at cruise altitudes because of the rapid transport of the winter phase of the seasonal cycle to midlatitudes. isentropes in the overworld. The vortex (blue region) is set off from the region carved out by path 1 since path 1 dominates over path 2 in middle to late winter. Last, injection of tropospheric air along path 4 (q < 350 K, redand white-striped region) presumably mixes with air descending from above 350 K.
Implications for Midlatitude Ozone
[44] Transport from the tropics plays a major role in redistributing ozone at midlatitudes. Trend analyses of ozonesonde profiles at midlatitudes indicate declines in lower stratospheric ozone between 7 and 9%/decade for 1970 -96 and 1980 -96, respectively . Yet the processes responsible for these negative trends in midlatitude ozone still remain under debate. Thus the rapid transport pathway ushering low-ozone air from the lower tropical stratosphere to the subvortex region is keenly relevant to this issue.
[45] Perhaps in part because of the nearly coincident discoveries of halogen-catalyzed Arctic ozone destruction and a negative ozone trend at northern midlatitudes, the majority of studies have discounted dynamics in favor of competing chemical hypotheses [WMO, 2003] . Polar processing coupled with equatorward transport of ozonedepleted air cannot fully explain the negative trend at midlatitudes because the negative trend grows in winter prior to vortex disintegration (J. Logan, personal communication) . Another chemical hypothesis, in situ heterogeneous processing of reservoir inorganic chlorine by cirrus clouds in the lower stratosphere [Solomon et al., 1997] , is also unlikely because in situ water vapor measurements indicate the region above the tropopause is undersaturated [Smith et al., 2001] although Pfister et al. [2002] suggest a small fraction ($20%) of air parcels immediately above the arctic tropopause at the time of observation may be saturated. In contrast, the analysis presented here suggests that negative midlatitude ozone anomalies may be correlated with transport from the lower tropical stratosphere via path 1 (see side panel in Figure 1 ).
[46] This tracer-tracer analysis indicates that young air streams into the middle-and high-latitude lower stratosphere throughout middle and late winter consistent with the seasonal ozone trend analysis reported by Logan et al. [1999] . Specifically, the analysis of European ozonesonde data [see Logan et al., 1999, Figure 12 ] shows a significant negative trend for December -February, long before the vortex breaks up. Furthermore, the largest negative trends are seen in the lowermost stratosphere (i.e., between 250 and 100 hPa during winter and spring), consistent with the predominance of path 1 during this time period. If the trends were simply explained by transport of ozone-depleted air from the vortex, the mean profile would be expected to peak at higher altitude (i.e., pressure < 100 hPa), such as seen in June-August. In another work, Reid et al. [2000] found that the number of intrusions of tropical air into the midlatitude lower stratosphere has recently increased, on the basis of ozonesonde and in situ aircraft measurements. Also, statistical trend analyses of NCEP (National Center for Environmental Prediction) data indicate planetary wave breaking events that transport low-ozone air from the tropics to midlatitudes have increased in frequency [Hood et al., 1999] . A more recent study suggests wave driving at 100 hPa, based on an analysis of the trend in winter eddy heat flux, has increased since the mid-1990s [Dhomse et al., 2006] .
[47] We postulate that ozone mixing ratios in the midlatitude lower stratosphere are anticorrelated with the strength of planetary wave-breaking events along path 1 from the lower tropical stratosphere. Since planetary waves break downstream of strong jet regions, preferential poleward transport of low-ozone air might be expected in these regions, as alluded to by Reid et al. [2000] . Since the European continent lies downstream of a strong jet region, this may, in part, explain why we observed a continuous stream of young, low-ozone air on every vertical profile at Kiruna in middle to late winter.
Conclusions
[48] Young air masses (i.e., 3-to 9-months old on the basis of the seasonal cycle in water) were observed in the middle-and high-latitude lower stratosphere (q $ 350 to 440 K) outside the vortex. Analysis of the seasonal cycle in water vapor showed the summer phase and its subsequent decay in the upper part of the lowermost stratosphere (q $ 350 to 380 K) over Kiruna from late January to early March, followed by a clear winter phase signal at Westover and Kiruna in mid-March. The tracer-tracer analysis suggests very slow descent through the bottom of the vortex (path 2) but indicates rapid, poleward quasi-isentropic transport (path 1) from the lower tropical stratosphere to midlatitudes followed by diabatic descent outside the vortex and rapid transport on isentropic surfaces in the upper part of the lowermost stratosphere (q $ 350 to 380 K). There is no evidence of isentropic transport from the upper tropical troposphere (path 3) but tropospheric intrusions are observed below 350 K (path 4). Advection of ozone-poor air from the lower tropical stratosphere along path 1 can have a significant impact on midlatitude ozone and possibly even induce a decline in midlatitude ozone. Testing the latter hypothesis requires a study to determine the quantitative contribution of transport from the lower tropical stratosphere to the midlatitude stratosphere to changes in midlatitude ozone.
[49] Acknowledgments. We gratefully acknowledge all the members of the individual instrument teams (ACATS, ALIAS, Argus, WAS) that contributed to the unified N 2 O data set that was used in this analysis. Furthermore, we thank the ALIAS group for use of the high-resolution CH 4 data. R. M. Stimpfle and D. M. Wilmouth provided ClO data to separate vortex and extravortex air. We thank K. H. Rosenlof for radiative calculations in the lower midlatitude stratosphere to support the observations. We also acknowledge T. P. Bui for temperature and pressure measurements. This work would not have been possible without the tireless efforts of the ER-2 pilots and crew and the SOLVE logistical support team. We are grateful to D. W. Fahey who facilitated the completion of this work and to anonymous reviewers who provided constructive comments. This research was funded in part by NASA grants NAG-1-01095 and NAG2-1300 to Harvard University.
